The hyperpolarization-activated cyclic nucleotidegated (HCN) family of "pacemaker" channels includes 4 isoforms, the kinetics and cAMP-induced modulation of which differ quantitatively. Because HCN isoforms are highly homologous in the central region, but diverge more substantially in the N and C termini, we asked whether these latter regions could contribute to the determination of channel properties. To this aim, we analyzed activation/deactivation kinetics and the response to cAMP of heterologously expressed isoforms mHCN1 and rbHCN4 and verified that mHCN1 has much faster kinetics and lower cAMP sensitivity than rbHCN4. We then constructed rbHCN4 chimeras by replacing either the N or the C terminus, or both, with the analogous domains from mHCN1. We found that: 1) replacement of the N terminus (chimera N1-4) did not substantially modify either the kinetics or cAMP dependence of wildtype channels; 2) replacement of the C terminus, on the contrary, resulted in a chimeric channel (4-C1), the kinetics of which were strongly accelerated compared with rbHCN4, and that was fully insensitive to cAMP; 3) replacement of both N and C termini led to the same results as replacement of the C terminus alone. These results indicate that the C terminus of rbHCN4 contributes to the regulation of voltage-and cAMP-dependent channel gating, possibly through interaction with other intracellular regions not belonging to the N terminus.
The hyperpolarization-activated cyclic nucleotidegated (HCN) family of "pacemaker" channels includes 4 isoforms, the kinetics and cAMP-induced modulation of which differ quantitatively. Because HCN isoforms are highly homologous in the central region, but diverge more substantially in the N and C termini, we asked whether these latter regions could contribute to the determination of channel properties. To this aim, we analyzed activation/deactivation kinetics and the response to cAMP of heterologously expressed isoforms mHCN1 and rbHCN4 and verified that mHCN1 has much faster kinetics and lower cAMP sensitivity than rbHCN4. We then constructed rbHCN4 chimeras by replacing either the N or the C terminus, or both, with the analogous domains from mHCN1. We found that: 1) replacement of the N terminus (chimera N1-4) did not substantially modify either the kinetics or cAMP dependence of wildtype channels; 2) replacement of the C terminus, on the contrary, resulted in a chimeric channel (4-C1), the kinetics of which were strongly accelerated compared with rbHCN4, and that was fully insensitive to cAMP; 3) replacement of both N and C termini led to the same results as replacement of the C terminus alone. These results indicate that the C terminus of rbHCN4 contributes to the regulation of voltage-and cAMP-dependent channel gating, possibly through interaction with other intracellular regions not belonging to the N terminus.
Together with voltage-dependent K ϩ channels and cyclic nucleotide-gated channels, the recently cloned hyperpolarization-activated cyclic nucleotide-gated (HCN) 1 channels belong to the superfamily of 6 transmembrane domain channels (1) . HCN channel subunits are the molecular building blocks of native hyperpolarization-activated "pacemaker" (f/h) channels of cardiac and neuronal cells (2, 3) . A peculiar property of HCN channels is their dual modulation by voltage hyperpolarization and by intracellular cAMP (4); as in voltage-dependent K ϩ channels, voltage sensing is localized in the S4 transmembrane domain (5, 6) , and as in cyclic nucleotide-gated channels, gating by cAMP requires direct binding of cAMP molecules to the cyclic nucleotide binding (CNB) domain located intracellularly at the C terminus (7) .
Thus far, four HCN isoforms (1-4) have been cloned. When expressed heterologously, HCN channels display kinetic and modulatory properties similar to those of native I f /I h channels (8 -14) . However, different isoforms have qualitatively similar, but quantitatively different properties. Activation and deactivation kinetics for example are much faster for HCN1 than HCN2 or HCN4, whereas the HCN1 sensitivity to cAMP is much reduced; further, the activation threshold of HCN2 is more negative than that of either HCN1 or HCN4 (15, 16) .
These differences are important in that they can provide a molecular basis for the diverse properties of native channels in various cell types; it is known for example that the I h current of hippocampal CA1 neurons has faster kinetics and a reduced cAMP sensitivity relative to the same current recorded in other regions (such as the thalamic relay neurons) or in cardiac myocytes (2, 3) . Furthermore, the I f activation threshold in cardiac conduction tissue (Purkinje fiber) is substantially more negative than that in pacemaker cells of the sinoatrial node (17) . Thus, differential expression of HCN isoforms may represent a basic mechanism underlying the variable kinetic and modulatory features of native f/h channels in different tissues.
The observation that different isoforms have different features prompts the question of how kinetic and modulatory properties of HCN channels are determined. Because HCN isoforms are highly homologous in the "core" region (i.e. the TM domains S1 to S6) and in the CNB domain but diverge more substantially at both the N and C termini (18), we asked whether the most diverging regions could have a role in affecting channel properties.
In this work we have investigated the contribution of the Nand C-terminal regions to the channel kinetics and sensitivity to cAMP. To this aim, we used chimeras obtained by the replacement of regions of rbHCN4 with equivalent regions of mHCN1 channels. The results indicate that the C terminus, but not the N terminus, of rbHCN4 plays an important role in determining both the rate of channel activation/deactivation and the cAMP-dependent gating, presumably by an interaction with other intracellular channel regions that do not belong to the N terminus.
EXPERIMENTAL PROCEDURES
Molecular Biology-Chimeric channels were obtained by standard molecular biology techniques (19) from mHCN1 (BCNG1, 20, kindly provided by Dr. B. Santoro, Columbia University) and rbHCN4 (HAC4, 13, kindly provided by Dr. H. Ohmori, University of Kyoto). The chimera N1-4 was obtained by replacing the N terminus of rbHCN4 (aa 1-228) with the N terminus of mHCN1 (aa 1-96), by means of a common HincII restriction site, found in a region of high similarity among the two clones, upstream of the first transmembrane domain (S1). Chimera 4-C1 was made by replacing the C terminus of rbHCN4 (aa 545-1175) with the C terminus of mHCN1 (aa 413-910). To obtain this construct we introduced a KpnI restriction site in the C terminus of mHCN1 by PCR (Expand Long Template PCR System, Roche Molecular Biochemicals) according to the following procedure: 2 min at 94°C, 30 times for 45 s at 94°C, 45 s at 60°C, and 2 min at 68°C with the oligonucleotides CHCN1-for (5Ј-AGCACCGGTACCAAGGCAAG-3Ј, corresponding to aa 425-431) and CHCN1-rev (5Ј-CCCCGAATCATAAAT-TCGAAGCA-3Ј, corresponding to aa 907-910). The PCR product was cloned (Topo cloning kit, Invitrogen) and confirmed by sequencing (MWG Biotech). The CHCN1-for oligonucleotide included a point mutation that introduced into the mHCN1 sequence a KpnI restriction site, also present in rbHCN4, downstream of the last transmembrane domain S6. This KpnI site was used to assemble the chimeric construct 4-C1. The N1-4-C1 chimera was obtained in a similar way, by replacing the C terminus of N1-4 with the same PCR product.
For functional expression, wild-type and chimeric channels were inserted into a mammalian expression vector (pCDNA3.1ϩ, Invitrogen) and cotransfected with a green fluorescent protein-containing vector in modified HEK 293 (Phoenix (21)) cells with a standard calcium phosphate protocol, as described previously (14) . Currents were measured 48 -96 h after transfection.
Electrophysiology-Experiments were performed on cells incubated after transfection at 37°C in 5% CO 2 for 1-5 days. On the day of the experiment cells were dispersed by trypsin, plated at a low density on 35-mm plastic Petri dishes, and allowed to settle for 2-4 h; dishes were then placed on the stage of an inverted microscope and perfused with a Tyrode solution containing (mM): NaCl, 110; KCl, 30; CaCl 2 , 1.8; MgCl 2 , 0.5; Hepes-NaOH, 5; BaCl 2 , 1; MnCl 2 , 1; nifedipine, 0.02; NiCl, 0.1; pH 7.4.
Fluorescent single cells were voltage-clamped as described previously (14) . In whole-cell experiments, the pipette solution contained (mM): KCl, 130; NaCl, 10; MgCl 2 , 0.5; EGTA-KOH, 1; Hepes-KOH, 5; ATP sodium salt, 2; creatine phosphate, 5; GTP, 0.1; pH 7.2. In insideout patch experiments, large tipped pipettes were used for macro-patch measurements (resistance of about 0.8 megohm). Following seal formation and current recording in the cell-attached configuration, the patch was extruded and superfused with a solution containing (mM): potassium aspartate, 130; NaCl, 10; CaCl 2 , 2; EGTA, 5; HEPES-KOH, 5; pH 7.2. The pipette solution contained (mM): NaCl, 70; KCl, 70; CaCl 2 , 1.8; MgCl 2 , 1; BaCl 2 , 1; MnCl 2 , 2; HEPES-KOH, 5; pH 7.4. All experiments were run at room temperature (24 -26°C).
Measurement of activation curves for HCN currents was performed by the use of standard voltage-clamp protocols (see for example Ref. 22 ). Cells were held at a fixed holding potential of Ϫ35 mV, and steps of variable duration were applied to voltages in the activation range to reach steady-state current activation. The duration of steps varied according to the HCN channel isoform investigated because different isoforms have different activation/deactivation rates. For example at Ϫ105 mV the step duration was 2.5 s and 9 s for mHCN1 and rbHCN4, respectively. Activation curve data were then measured as normalized deactivation tail amplitudes at a test voltage where the current was fully deactivated (ϩ5 mV). Activation curves were fitted by a standard Boltzmann distribution equation
where V1 ⁄2 is the half-activation voltage and s the inverse slope factor. Shifts of the current activation curve in macro-patch inside-out experiments were measured by a "trace superimposition" method developed previously (23) . Briefly, the current was measured during steps applied at a fixed frequency (1/6 Hz) to near the midactivation voltage range, and the control trace was frozen on the digital oscilloscope; the current increase caused by superfusion with cAMP was then compensated by manual change of the holding potential, until superimposition of the traces before and after admission of cAMP was achieved. After a correction accounting for the change in applied voltage during cAMP perfusion, the displacement of the holding potential was used to calculate the shift of the activation curve. Sets of data were compared using independent Student's t test, and the significance level was set to p ϭ 0.05. All data are plotted as mean Ϯ S.E. values.
RESULTS
The rationale behind our experimental approach is shown in Fig. 1 . A comparison among sequence topologies of the various isoforms of HCN channels (Fig. 1a) indicates that the isoforms are highly homologous in the core region, i.e. the transmembrane (S) and CNB domains, but differ more substantially in the N terminus and the C terminus. To visualize the difference in homology between terminal regions and S and CNB regions, we constructed a multiple alignment sequence (CLUSTAL X (24)) using known sequences for mHCN1 (20) , hHCN2 (12), mHCN3 (10) , and rbHCN4 (13) and plotted the homology function against multiple alignment amino acid position in Fig. 1b . The plot clearly indicates a high degree of homology in the region encompassing the 6 S and CNB domains, in which most residues are identical for all 4 isoforms, in contrast with the Nand C-terminal regions in which most substitutions are nonconservative. The protein identity between sequence pairs varies in the range 80 -90% in the core region (S1 through the CNBD) and in the ranges 21-37% and 11-21% in the N and C termini, respectively (see Fig. 1 legend) .
Heterologous expression has indicated that although similar qualitatively, the kinetic and modulatory properties of individual isoforms differ quantitatively (8, 10, 11, (13) (14) (15) (16) 25) . Some basic differences in kinetic properties and cAMP dependence between isoforms mHCN1 and rbHCN4 are shown in Figs. 2 and 3.
In Fig. 2b , activation records from cells expressing mHCN1 (left) and rbHCN4 (right) show that, in agreement with previous data, the two isoforms have very different rates of activation. For example, in the records in Fig. 2b the activation time constant at Ϫ95 mV, measured by fitting records after an initial delay (15), was 85.9 ms for mHCN1 and 2772.8 ms for rbHCN4. The mean time constant at the same voltage was 105.6.0 Ϯ 9.8 ms (n ϭ 8) and 3023.1 Ϯ 348.2 ms (n ϭ 17) for   FIG. 1 . a, topology of the four HCN isoforms known (1) (2) (3) (4) . The positions of the 6 transmembrane (S1-S6) and cyclic nucleotide binding domains (CNBD) are shown. b, plot of multiple sequence similarity. Multiple sequence alignment of mHCN1 (20) , hHCN2 (12), mHCN3 (10) , and rbHCN4 (13) was constructed using CLUSTAL X (24) . The abscissa represents the multiple alignment position count. This was nearly coincident with the rbHCN4 sequence, which has only four short gaps (positions 364 -365, 761-764, 1099, and 1170). Amino acid identity calculated on the isoform sequence pairs  1-2, 1-3, 1-4, 2-3, 2-4, and 3-4 
isoforms 1 and 4, respectively. We measured activation curves of mHCN1 and rbHCN4 from several cells (see "Experimental Procedures") and fitted the mean activation curves in Fig. 2c with a Boltzmann distribution equation. This yielded halfactivation voltages, V1 ⁄2 ϭ Ϫ71.7 and Ϫ81.2 mV, and inverse slope coefficients, s ϭ 8.6 and 10.0 mV for mHCN1 (n ϭ 8) and rbHCN4 (n ϭ 7), respectively. These results confirm previous work indicating that the range of activation of isoforms 1 and 4 are not too dissimilar (15, 26) .
To further quantify the difference in voltage-dependent kinetics between the two isoforms, we fitted activation and deactivation records according to a single-exponential time course following an initial delay (15) and plotted in Fig. 2 the mean time constant of activation (d) and deactivation (e) for mHCN1 ( on , n ϭ 9; off , n ϭ 7 cells) and rbHCN4 ( on , n ϭ 17; off , n ϭ 11 cells). Clearly, both activation and deactivation rates for isoform 4 are severalfold slower than those for isoform 1.
We then proceeded to verify whether the isoforms investigated have different degrees of sensitivity to internal cAMP. As shown in the sample records of Fig. 3 , macro-patch currents were recorded in the inside-out configuration during voltageclamp hyperpolarizations to the voltages indicated before and after perfusion of the intracellular side of the patch with 10 M cAMP.
In the patches shown in Fig. 3 , cAMP shifted the activation curve of mHCN1 and rbHCN4 currents by 7.6 and 17.4 mV, respectively. The mean shifts induced by 10 M cAMP on the current activation curve were 5.6 Ϯ 0.5 mV (n ϭ 10) and 16.0 Ϯ 0.9 mV (n ϭ 15) for mHCN1 and rbHCN4, respectively. These data confirm previous evidence indicating a different sensitivity to cAMP of isoforms 1 and 4 (11, 13, 25) .
In a first approach to investigating the role of N and C termini in channel gating, we constructed chimeric rbHCN4 channels where either the N or the C termini of rbHCN4 were substituted with those from mHCN1. Data obtained with two such chimeras are shown in Fig. 4 .
On the left, we replaced the N terminus of rbHCN4 (aa 1-228) with that of mHCN1 (aa 1-96). The resulting chimera (N1-4) had activation and deactivation time constant curves in c) . e, mean deactivation time constant ( off ); mHCN1, n ϭ 7; rbHCN4, n ϭ 11 (symbols as in c). In d and e, data were obtained by fitting activation/deactivation current traces by single exponentials following a "delay" (15) . Identical vertical scales were used in d and e to allow direct comparison between isoforms.
FIG. 3. Action of cAMP.
Currents were measured during steps to the voltages indicated (holding potential was Ϫ35 mV) from macropatches in the inside-out configuration, and cAMP (10 M) was perfused on the intracellular side of the patch (see "Experimental Procedures"). Shifts of the activation curve obtained by a "trace superimposition" protocol (detailed under "Experimental Procedures") were 7.6 and 17.4 mV for isoforms 1 and 4, respectively. Mean shifts of the activation curve were 5.6 Ϯ 0.5 (n ϭ 10) for mHCN1 and 16.0 Ϯ 0.9 mV (n ϭ 15) for rbHCN4 currents. similar to those of rbHCN4 (Fig. 4, c and d, left) . For example, at Ϫ105 mV the activation time constant ( on ) was 84.1 Ϯ 9.1 ms and 2519.5 Ϯ 386.0 ms for mHCN1 and rbHCN4, respectively, according to the data in Fig. 2d . The on of N1-4 current was 1904.1 Ϯ 108.5 ms, not significantly different from the on of rbHCN4 (p ϭ 0.33). Similarly at Ϫ85 mV the deactivation time constant off of N1-4 current was 1634.4 Ϯ 326.4 ms, not significantly different from off of rbHCN4 (1746.8 Ϯ 305.2 ms, p ϭ 0.81). In the whole voltage range investigated, differences between activation/deactivation time constants for N1-4 and wild-type rbHCN4 channels did not reach the significance level (p ϭ 0.05).
FIG. 4. Properties of chimeric channels N1-4 (left) and 4-C1 (right)
In Fig. 4 , right, on the other hand, substitution of the C terminus of rbHCN4 (aa 545-1175) with that of mHCN1 (aa 413-910) led to a chimeric channel (4-C1), the activation and deactivation time constant curves of which clearly diverged from those of the wild-type rbHCN4 channel (c and d, right; note that the wild-type channel curves plotted both in left and right panels are the same as in Fig. 2, d and e) . At Ϫ95 mV, for example, on was 1423.7 Ϯ 218.2 ms (n ϭ 8) (compare with 3023.1 ms for rbHCN4), and at Ϫ85 mV, off was 465.0 Ϯ 97.9 ms (n ϭ 5) (compare with 1746.8 ms for rbHCN4). In the whole voltage range investigated, activation and deactivation time constants were intermediate between those of wild type channels. Interestingly, at the most negative voltages, deactivation of 4-C1 was almost as fast as that of mHCN1 (Fig. 4d, right) .
The activation curves for both the N and C replacement chimeras fell close to, and in fact nearly overlapped with, the activation curve for the wild-type rbHCN4 channel (Fig. 4b) . Fitting activation curves with Boltzmann equations yielded half-activation voltages V1 ⁄2 ϭ Ϫ83.5 and Ϫ80.6 mV and inverse slope factors s ϭ 12.0 and 12.6 mV for the N1-4 and 4-C1 channels, respectively. These values can be compared with those for rbHCN4 (V1 ⁄2 ϭ Ϫ81.2 mV, s ϭ 10.0 mV, see Fig. 2 ). To quantify the similarity between the activation curves of N1-4 and 4-C1 chimeras and wild-type rbHCN4 channels, we ran significance tests at voltages close to half-activation. At V ϭ Ϫ95, Ϫ85, and Ϫ75 mV, values of the activation curve of N1-4 and 4-C1 were not significantly different from those of rbHCN4 (p Ͼ 0.28).
In the light of the time constant data (Fig. 4, c and d) , the similarity between 4-C1 and rbHCN4 activation curves may seem surprising. However, a recent description of HCN channel voltage gating by an allosteric model has shown that changes in the position of the activation curve are attributable to changes in the voltage dependence of voltage sensors, located in the S4 region (15) . Thus, the results of Fig. 4b agree with the view that substitution of the C terminus does not impair the voltage-dependent distribution of "willing" versus "reluctant" voltage sensors.
The results above suggest that the C terminus of rbHCN4 has a role in controlling voltage-dependent gating. Because the chimera carrying the C terminus of mHCN1 (4-C1) does accelerate both activation and deactivation kinetics of rbHCN4 but not to the extent of reproducing fully the kinetics of mHCN1, the role of the C terminus cannot be unique, and other channel regions are bound to contribute to determining the kinetic properties of rbHCN4. The N terminus of rbHCN4, on the other hand, could be replaced by the N terminus of mHCN1 without substantial modification of activation/deactivation kinetics, suggesting that the N terminus does not have a similarly crucial role in determining channel kinetics.
As a way to investigate if the modifications induced by substitution of the C terminus could depend upon the interaction between C and N termini, we proceeded to construct a chimeric channel in which both rbHCN4 termini were simultaneously replaced with those from mHCN1 (Fig. 5, N1-4-C1 ). This chimera had the same kinetic features of 4-C1. A Boltzmann fit of the mean activation curve for N1-4-C1 yielded values of halfactivation voltage V1 ⁄2 of Ϫ83.5 Ϯ 0.4 mV and inverse slope factor s ϭ 11.5 Ϯ 0.4 mV (n ϭ 4), which are comparable with the values obtained for 4-C1. Also, the time constants of activation and deactivation ( on , off ) of N1-4-C1 were not significantly different from those of 4-C1 in the whole voltage range investigated.
Finally, we addressed the issue of the cAMP dependence of the channel open probability by analyzing in inside-out patches the response to cAMP of the three chimeras investigated and comparing their response to that of wild-type channels. As shown in the sample records of Fig. 6 , the response of N1-4 to cAMP was only moderately reduced with respect to rbHCN4 (mean shift of the activation curve with 10 M cAMP was 11.6 Ϯ 0.7 mV, n ϭ 4), whereas 4-C1 was totally insensitive to cAMP (the shift was 0 mV in n ϭ 13 patches). The lack of a cAMP-induced shift of the 4-C1 activation curve contrasts with the presence of a reduced but measurable shift of 5.6 Ϯ 0.5 mV obtained for the wild-type mHCN1 channel under similar conditions (Fig. 3) .
The lack of cAMP dependence of the 4-C1 chimera is especially interesting because it indicates that the sensitivity to cAMP is not entirely determined by the cyclic nucleotide consensus region and suggests the presence of specific interactions b) ; the activation curve and on , off curves for 4-C1 are the same as in Fig. 4 . Also plotted for comparison are the on and off curves of wild-type mHCN1 and rbHCN4 channels (see Fig. 2 ).
FIG. 6. Action of cAMP on HCN chimeras. Current was recorded in inside-out macro-patches from cells expressing the N1-4 (left), 4-C1 chimera (middle), and the double-substitution chimera N1-4-C1 (right). The cAMP-induced shifts of the current activation curve measured in the three samples shown by a "trace superimposition" method (see "Experimental Procedures") were 12, 0, and 0 mV (left to right). Mean shifts were 11.6 Ϯ 0.7 mV for N1-4 (n ϭ 4), 0 mV for 4-C1 (n ϭ 13), and 0 mV for N1-4-C1 (n ϭ 6).
between the C terminus and other regions of the channel able to affect the mechanism of cAMP-dependent gating. To verify the possible involvement of the N terminus in this interaction, we tested the responsiveness to cAMP of the double N and C termini replacement chimera N1-4-C1. Like the C replacement mutant, this double mutant was also irresponsive to cAMP (a shift of 0 mV was observed in all of the n ϭ 6 patches analyzed). This favors the view that the cAMP sensitivity involves a coupling mechanism between the C terminus and the core channel region, presumably located in one or more intracellular S-linkers. DISCUSSION Our results indicate that: 1) replacement of the N terminus of rbHCN4 with that from mHCN1 does not alter channel activation and deactivation kinetics (Fig. 4, left) nor does it modify the channel response to cAMP with respect to the wildtype rbHCN4 channel (Fig. 6, left) ; 2) replacement of the C terminus, on the other hand, leads to a chimeric channel with faster activation and deactivation kinetics (Fig. 4, right) and with total lack of response to cAMP (Fig. 6, middle) .
These data suggest that the C terminus of rbHCN4 channels participates in controlling voltage-dependent gating; the gating properties are however not determined by the C terminus alone because the 4-C1 chimera did not acquire the kinetics of mHCN1 fully (Fig. 4, right) . This indicates that the C terminus could interact with other adjacent regions of the channel to exert its controlling action. Because replacement of the N terminus of 4-C1 with that of mHCN1 did not have any appreciable effects on channel kinetics (Fig. 5) , channel regions interacting with the C terminus are unlikely to be located in the N terminus and more likely reside within the intracellular Slinker regions and/or the innermost regions of S domains.
An interaction of the C terminus with intracellular channel regions is also required to interpret the different response to cAMP of the mutant channels investigated. If binding of cAMP to the CNB domain were the only process responsible for the cAMP-mediated gating, replacement of the rbHCN4 C terminus with the one from mHCN1 should yield a cAMP dependence analogous to that of the wild-type mHCN1 channel. However, neither the single (4-C1) nor the double rbHCN4 mutant (N1-4-C1) carrying the C terminus of mHCN1 had a measurable sensitivity to cAMP (Fig. 6) . Thus, after binding cAMP the C terminus must interact with other channel regions to mediate the action of cAMP. Here again, because replacement of the N terminus did not affect the loss of cAMP dependence of the C-terminal mutant 4-C1, channel sites interacting with the C terminus are unlikely to reside in the N terminus.
Our data do not allow us to discriminate whether the C terminus-mediated process affecting voltage gating and that affecting the cAMP action share common intracellular mechanisms. However, until a more specific investigation of the residues involved is performed, this remains an intriguing possibility.
Although replacement of the rbHCN4 C terminus by that of mHCN1 caused strong acceleration of activation and deactivation rates, it did not modify the activation curve (Fig. 4b) . This apparent contradiction can in fact be reconciled with a recent allosteric model of voltage gating of HCN channels (15) . According to this model, the position of the activation curve reflects two mechanisms: one is the voltage dependence of closed/ open transitions, and the other is the voltage dependence of voltage sensor displacement. Because the voltage dependence of closed/open transitions appears to be nearly equivalent for different HCN isoforms, changes in the position of the activation curve reflect mostly changes in the voltage dependence of the transitions of the sensors. Therefore according to this interpretation, lack of modification of the activation curve by substitution of the C terminus would simply reflect a lack of interaction between the C terminus and the distribution of S4 voltage sensors between the reluctant and willing states.
Previous investigation of native f-channels in sinoatrial node myocytes has shown that perfusion with Pronase of the intracellular side of the membrane leads to a strong activation of channels by a Ͼ50-mV depolarizing shift of the activation curve (27) . This was interpreted to indicate the presence of an inhibitory mechanism operated by intracellular channel regions that were cleaved by Pronase. This effect was accompanied by abolishment of cAMP sensitivity, implying that the intracellular region responsible for the inhibitory action could reside on the C terminus.
The data presented here agree with the above interpretation by indicating the possibility that the C terminus interacts with intracellular regions to modulate voltage-and cAMP-dependent gating. Disruption of intracellular regions leads to strong channel activation, as expected if the C terminus exerted an inhibitory effect on channel gating. An inhibitory interaction with intracellular channel regions might also explain the action of cAMP if cAMP binding occurs more favorably in the open state of the channel (4), when the inhibitory action is offset, in agreement with the view that cAMP actually operates by partial removal of the inhibitory action of the C terminus.
